Vascular calcification and cardiomegaly are highly prevalent in chronic kidney disease (CKD) patients. However, the association of the combination of aortic arch calcification (AoAC) and cardio-thoracic ratio (CTR) with clinical outcomes in patients with CKD is not well investigated. This study investigated whether the combination of AoAC and CTR is associated with poor clinical outcomes in CKD stages 3-5 patients. We enrolled 568 CKD patients, and AoAC and CTR were determined by chest radiography at enrollment. Rapid renal progression was defined as estimated glomerular filtration rate (eGFR) decline over 3 ml/min/1.73 m 2 per year. Both AoAC score and CTR were significantly associated with rapid renal progression. High CTR was correlated with increased risk for cardiovascular mortality. We stratified the patients into four groups according to the median AoAC score of 4 and CTR of 50%. Those with AoAC ≥ 4 and CTR ≥ 50% (vs. AoAC score < 4 and CTR < 50%) were associated with eGFR decline over 3 ml/min/1.73 m 2 /year and cardiovascular mortality. AoAC and CTR were independently associated with eGFR slope. In conclusion, the combination of increased AoAC and cardiomegaly was associated with rapid renal progression and increased cardiovascular mortality in patients with CKD stage 3-5 patients. We suggest that evaluating AoAC and CTR on chest plain radiography may be a simple and inexpensive method for detecting CKD patients at high risk for adverse clinical outcomes.
Clinical outcomes among the study patients. Regarding outcomes, compared to the patients in the AoAC < 4 and CTR < 50% group, those in the AoAC ≥ 4 and CTR ≥ 50% group had a lower eGFR slope and higher prevalence of rapid renal progression with a decline in eGFR over 3 mL/min/1.73 m 2 /year, and higher all-cause and cardiovascular mortality ( Table 1 ). Figure 1 illustrates that the eGFR slopes among the four study groups were −1.67 ± 2.54, −2.74 ± 3.13, −3.05 ± 3.83, and −4.47 ± 4.05 mL/min/1.73 m 2 /year, respectively. The eGFR slope was lowest in the AoAC ≥ 4 and CTR ≥ 50% group.
AoAC and CTR and eGFR slope. Table 2 shows the determinants of the eGFR slope in all patients. In the univariate linear regression analysis, AoAC, CTR, diabetes mellitus, hypertension, diastolic blood pressure, fasting glucose, hemoglobin, baseline eGFR, calcium-phosphorous product, albumin, and log-formed UPCR were significantly correlated with eGFR slope. After multivariate analysis, we found that high AoAC, high CTR, young age, diabetes mellitus, low albumin, high U PCR , and not receiving angiotensin converting enzyme inhibitors (ACEI) and/ or angiotensin II receptor blockers (ARB) were independently correlated with a larger negative eGFR slope.
AoAC, CTR and rapid renal progression. Logistic regression analysis was utilized to evaluate the association among AoAC, CTR and rapid renal progression (Table 3 ). In univariate analysis, AoAC, CTR, study group of AoAC ≥ 4 and CTR ≥ 50%, diabetes mellitus, hypertension, systolic blood pressure, fasting glucose, hemoglobin, baseline eGFR, calcium-phosphorous product, albumin, and log-formed UPCR were significantly correlated with rapid renal progression. In multivariate analysis model 1, high AoAC (odds ratio [OR], 2.264; 95% confidence interval [CI], 1.665 to 3.079; p < 0.001) and high CTR (OR, 1.059; 95% CI, 1.014 to 1.107; p = 0.010) were significantly correlated with rapid renal progression. Additionally, in model 2, compared to the AoAC < 4 and CTR < 50% group, the AoAC < 4 and CTR ≥ 50% (OR, 2.333; 95% CI, 1.225 to 4.440; p = 0.0.10), AoAC ≥ 4 and CTR < 50% (OR, 2.640; 95% CI, 1.404 to 4.966; p = 0.003) and AoAC ≥ 4 and CTR ≥ 50% (OR, 4.815; 95% CI, 2.474 to 9.369; p < 0.001) groups were significantly associated with rapid renal progression.
Furthermore, we analyzed the effect of AoAC score and CTR on renal outcome prediction ( Fig. 2A ). The clinical model included age, sex, ACEI/ARB usage and variables with p < 0.05 in univariate analysis, including diabetes mellitus, hypertension, diastolic blood pressures, fasting glucose, hemoglobin, albumin, baseline eGFR, calcium-phosphorous product and proteinuria (χ 2 = 114.72). Adding CTR to the clinical model offered an additional benefit in the prediction of rapid renal progression (χ 2 = 123.81, p = 0.002). Besides, adding AoAC score to the model consisting of the clinical model and CTR resulted in further significant improvement in the prediction of rapid renal progression (χ 2 = 155.67, p < 0.001).
AoAC, CTR and all-cause mortality. The mean follow-up period was 6.3 ± 2.8 years. During the follow-up period, 111 deaths were recorded among these 568 patients (19.5%), including cardiovascular deaths (n = 38), malignancy (n = 12), infectious diseases (n = 51), gastrointestinal bleeding (n = 4), and others (n = 6). Figure 3A illustrates the Kaplan-Meier analysis of overall survival (log-rank p < 0.001) among the four study groups. The AoAC < 4 and CTR ≥ 50% and AoAC ≥ 4 and CTR ≥ 50% groups had worse overall survival than the AoAC < 4 and CTR < 50% group. The AoAC ≥ 4 and CTR ≥ 50% group (vs. AoAC < 4 and CTR < 50% group) was associated with all-cause mortality in the unadjusted model (hazard ratio [HR], 2.800; 95% CI, 1.637 to 4.791; p < 0.001), however, this relationship was not significant after multivariate adjustments.
included heart failure (n = 10), myocardial infarction (n = 7), ventricular fibrillation (n = 19) and hemorrhagic stroke (n = 2). Figure 3B illustrates the Kaplan-Meier analysis of cardiovascular survival (log-rank p < 0.001) among the four study groups. The AoAC < 4 and CTR ≥ 50% and AoAC ≥ 4 and CTR ≥ 50% groups had worse cardiovascular survival than the AoAC < 4 and CTR < 50% group. Cox proportional hazards regression analysis of the association of AoAC and CTR with cardiovascular mortality is shown in Table 4 . In univariate analysis, CTR, study group, body mass index, hemoglobin, and albumin were significantly associated with increased risk for cardiovascular mortality. In multivariate analysis, high CTR (HR, 1.100; 95% CI, 1.032 to 1.171; p = 0.003) were significantly associated with cardiovascular mortality, but AoAC was not. The AoAC ≥ 4 and CTR ≥ 50% group (vs. AoAC < 4 and CTR < 50% group) was associated with increased risk for cardiovascular mortality in the unadjusted model (HR, 6.624; 95% CI, 2.253 to 19.474; p = 0.001) and the relationship was still significant in multivariate adjusted model (HR, 4.127; 95% CI, 1.349 to 12.631; p = 0.013).
Besides, the effect of AoAC score and CTR on cardiovascular mortality prediction ( Fig. 2B ) was analyzed. The clinical model includes age, sex, and variables in Table 1 of p < 0.05 in univariate analysis (χ 2 = 25.74). Adding CTR to the clinical model offered an additional benefit in the prediction of cardiovascular mortality (χ 2 = 35.76, p = 0.002). However, adding AoAC score to the model consisting of the clinical model and CTR did not result in further significant improvement in the prediction of cardiovascular mortality in CKD patients.
Sensitivity analysis.
We used multiple imputation-expectation maximization to diminish the influence of missing data on the association among AoAC score, CTR, and clinical outcomes (Tables S1-3). The association of AoAC and CTR with rapid renal progression and cardiovascular mortality was still consistent. (2), systolic blood press (3), diastolic blood pressure (3), hemoglobin (10), calcium-phosphorous product (25) , albumin (13) , cholesterol (14) , triglyceride (25), highdensity lipoprotein (24), low-density lipoprotein (23) , fasting sugar (20) , urine protein-to-creatinine ratio (30) .
Discussion
This study investigated the association between the combination of AoAC and cardiomegaly with rapid renal function deterioration, overall and cardiovascular mortality in patients with CKD stages 3-5 over 6-years follow-up period. We found that both AoAC and cardiomegaly were significantly associated with rapid renal function deterioration with a decline in eGFR > 3 ml/min/1.73 m 2 /year, and that the coexistence of AoAC and cardiomegaly exacerbated the risk of rapid renal progression. In addition, the patients with CKD and both AoAC and cardiomegaly had a higher risk of cardiovascular mortality. The combination of AoAC and cardiomegaly could independently predict adverse clinical outcomes in the patients with CKD stages 3-5. www.nature.com/scientificreports www.nature.com/scientificreports/ Many studies have shown that inflammation and oxidative stress are involved in the process of VC [18] [19] [20] . Inflammatory cytokines such as interleukin-6 and tumor necrosis factor have been shown to enhance vascular smooth muscle cell differentiation and VC 18, 19 . Inflammation has also been shown to promote the production of reactive oxygen species, thereby further inducing vascular remodeling and the process of VC 19 . VC is associated with structural and functional alterations in the vessels, thereby disturbing the renal microcirculation 21 and leading to impaired renal function. VC has also been shown to induce fibroelastic fiber thickening and a decrease in elastic fibers, and to cause elevated pulse pressure and arterial stiffness 22, 23 . AoAC can augment cardiac afterload and arterial circumferential stress 22 , further promoting the onset of left ventricular hypertrophy 21 . These structural and functional changes to the cardiovascular system are associated not only with cardiovascular morbidity and mortality, but also with poor renal outcomes.
Accumulating evidence has shown that cardiomegaly is associated with survival in patients with ESRD [15] [16] [17] . Cardiomegaly is known to be correlated with malnutrition-inflammation status 16 , and it has also been reported to be a presentation of fluid overload 15 . Patients with cardiomegaly are susceptible to albuminuria, anemia, and fluid overload 15, 16 . Fluid overload has been independently associated with rapid renal function deterioration and a high risk of cardiovascular burden [24] [25] [26] . To the best of our knowledge, the relationship between cardiomegaly and rapid renal progression remains unclear. In the current study, we found that both cardiomegaly and AoAC were positively correlated with rapid renal progression. Furthermore, the combination of AoAC and cardiomegaly could predict rapid renal progression in our patients with CKD. In addition, the coexistence of AoAC and cardiomegaly could predict cardiovascular mortality in these patients. The interaction between AoAC and cardiomegaly therefore appeared to have an effect on adverse clinical outcomes. These results indicate the application of a simple and useful tool, chest radiography, in predicting clinical outcomes to enhance CKD care.
Our results showed that the combination of AoAC and cardiomegaly was associated with all-cause mortality in an unadjusted model, but the significance was inconsistent after adjusting for demographic, clinical and biochemistry parameters. The relatively small number of enrolled patients and the small number who died may explain this finding. AoAC and cardiomegaly are cardiac indices, however, the cause of our death is mainly infection, which may also explain this finding. There were also other limitations to this study. AoAC and cardiomegaly were determinedusing plain radiography instead of computed tomography. Nevertheless, plain radiography is a simple and convenient tool to measure AoAC and cardiomegaly, and it is therefore easy for clinical physicians www.nature.com/scientificreports www.nature.com/scientificreports/ to monitor adverse clinical outcomes related to AoAC and cardiomegaly. Finally, AoAC and cardiomegaly were measured only once at enrollment. Therefore, the association between the effect of AoAC over time and cardiomegaly with clinical outcomes could not be estimated. www.nature.com/scientificreports www.nature.com/scientificreports/ In conclusion, this study demonstrated that the combination of AoAC and cardiomegaly was significantly associated with rapid renal function deterioration and cardiovascular mortality in patients with CKD stages 3-5. Chest radiography is a widely available tool that can be used to evaluate AoAC and CTR, further providing clinical physicians with more information to detect patients with CKD at high risk of adverse clinical outcomes.
Methods
Study patients and design. This study was conducted at a regional hospital in southern Taiwan. We consecutively enrolled 724 pre-dialysis patients with CKD stages 3 to 5 according to the National Kidney Foundation-Kidney Disease Outcomes Quality Initiative (K/DOQI) guidelines 27 28 . The patients with evidence of kidney damage lasting >3 months based on an eGFR (mL/min/1.73 m 2 ) of 30 to 59, 15 to 29, and <15 were defined as having CKD stages 3, 4, and 5, respectively. Sixty-seven patients had fewer than three eGFR measurements during the follow-up period, and they were excluded from this study. In addition, 89 patients who were followed up for <6 months were also excluded to avoid incomplete observations of changes in renal function. The remaining 568 patients (mean age 66.0 ± 12.2 years, 343 males) were included in this study (Fig. 4 ).
Evaluation of AoAC and CTR by chest radiography. One experienced radiologist blinded to the patients'
clinical data reviewed the chest plain films of the enrolled patients with CKD. AoAC was evaluated using the scale system reported by Ogawa et al. 29 . The scale was calculated by dividing X-rays of the aortic arch into 16 sections by circumference, and then counting the number of sections with calcification. The reproducibility of AoAC data was assessed by an experienced radiologist and a medical doctor in 30 randomly selected patients. The mean percent error in each patient was calculated as absolute difference/average of two observations. As the report by Li and his colleague 13 , we defined the median of AoAC score (4.0) as cut-off value. AoAC score of 4 or above was regarded as high AoAC group.
CTR was defined as the ratio of the transverse diameter of the cardiac silhouette to the transverse diameter of the chest on the chest radiograph. Cardiomegaly was defined as a CTR > 50%. Demographic www.nature.com/scientificreports www.nature.com/scientificreports/ interviews. Body mass index was calculated as weight/square of the height (kg/m 2 ). Fasting blood samples were obtained, and laboratory data were measured using an autoanalyzer (Roche Diagnostics GmbH, D-68298 Mannheim COBAS Integra 400). Serum creatinine was measured according to the compensated Jaffé (kinetic alkaline picrate) method using the same autoanalyzer (Roche/Integra 400, Roche Diagnostics) and a calibrator that could be used in isotope-dilution mass spectrometry 30 . EGFR was calculated using the four-variable Modification of Diet in Renal Disease (MDRD) equation 28 . Blood and urine samples were obtained within 1 month of enrollment. Data on the patients' medications including ACEIs and ARBs during the study period were obtained from medical records.
Collection of demographic, medical and laboratory data.

Clinical outcomes.
Patients were contacted at outpatient clinics at 3-month intervals to ascertain the clinical status. Clinical outcomes included renal outcome, all-cause mortality and cardiovascular mortality. Renal outcome was defined as rapid renal progression. The eGFR slope was calculated by using regression coefficient between eGFR and time in units of ml/min per 1.73 m2 per year based on all eGFR values available from enrollment to the end of the observation period. The eGFR slope was only estimated when at least three eGFR measurements were available. A reduction of eGFR > 3 ml/min/1.73 m 2 /year was defined as rapid renal progression 31 . In the patients who received renal replacement therapy, renal function data were censored.
The information of all-cause and cardiovascular mortality was ascertained by reviewing medical records and the database of the National Mortality Files. The patients were followed until death or until September 2018.
Statistical analysis.
The study patients were stratified into four groups according to median values of AoAC (4) and CTR < or ≥50%. Data were expressed as percentages, mean ± standard deviation, or median (25 th -75 th percentile) for triglycerides and U PCR . One-way analysis of variance followed by a Bonferroni post hoc test was used to compare variables among the study groups. Multiple linear regression analysis was used to identify the association of AoAC score and CTR with eGFR slope. Multiple logistic regression analysis was used to identify the association of AoAC score and CTR with rapid renal progression. Time-to-event survival analysis by Kaplan-Meier survival curve was used to test AoAC score or CTR as a predictor of the risk of overall and cardiovascular mortality. Cox proportional hazards model were utilized to evaluate the association of AoAC score and CTR with overall and cardiovascular mortality. The patients with AoAC < 4 and CTR < 50% were treated as the reference group, which was at the lowest risk of mortality. Incremental predictive model performance of clinical outcomes was assessed using a change in the χ 2 value. Age, gender, and clinical variables those with p-value less than 0.05 in univariable analysis, were selected in multivariate analysis. We further did colinearity analysis in these adjusted variables (Table S4) . A difference was considered significant at p < 0.05. Statistical analysis was performed using SPSS 19.0 for Windows (SPSS Inc. Chicago, USA).
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